The implantation of biomaterials induces a granulomatous reaction accompanied by foreign body giant cells (FBGCs). The characterization of multinucleated giant cells (MNGCs) around bone substitutes implanted in bone defects is more complicated because of healing with bone admixed with residual bone substitutes and their hybrid, and the appearance of two kinds of MNGCs, osteoclasts and FBGCs. Furthermore, the clinical significance of osteoclasts and FBGCs in the healing of implanted regions remains unclear. The aim of the present study was to characterize MNGCs around bone substitutes using an extraskeletal implantation model and evaluate the clinical significance of osteoclasts and FBGCs. Betatricalcium phosphate (β-TCP) granules were implanted into rat subcutaneous tissue with or without bone marrow mesenchymal cells (BMMCs), which include osteogenic progenitor cells. We also compared the biological significance of plasma and purified fibrin, which were used as binders for implants. Twelve weeks after implantation, osteogenesis was only detected in specimens implanted with BMMCs. The expression of two typical osteoclast markers, tartrate-resistant acid phosphatase (TRAP) and cathepsin-K (CTSK), was analyzed, and TRAP-positive and CTSK-positive osteoclasts were only detected beside bone. In contrast, most of the MNGCs in specimens without the implantation of BMMCs were FBGCs that were negative for TRAP, whereas the degradation of β-TCP was detected. In the region implanted with β-TCP granules with plasma, FBGCs tested positive for CTSK, and when β-TCP granules were implanted with purified fibrin, FBGCs tested negative for CTSK. These results showed that osteogenesis was essential to osteoclastogenesis, two kinds of FBGCs, CTSK-positive and CTSK-negative, were induced, and the expression of CTSK was plasma-dependent. In addition, the implantation of BMMCs was suggested to contribute to osteogenesis and the replacement of implanted β-TCP granules to bone.
I. Introduction
Foreign body reactions with the formation of granulomas occur in every site of implantation following an acute inflammatory phase [1, 15] . Granulomas composed of epithelioid cells and foreign body giant cells (FBGCs) make contact with the implant surface. In the cases of bone substitutes and dental implants, granulomas are replaced with bone following osteogenesis. When implanted into bone defects, non-biodegradable bone substitutes such as hydroxyapatite (HA) are expected to be involved in regenerative bone tissue and form a hybrid [25] . When biodegradable bone substitutes are implanted into bone defects, the degradation of bone substitutes and osteogenesis occur simultaneously, and FBGCs and/or osteoclasts may contribute to the replacement of bone substitutes with bone. We previously reported that multinucleated giant cells (MNGCs) with tartrate-resistant acid phosphatase (TRAP) activity around bone substitutes may be regarded as osteoclasts rather than FBGCs at least 4 weeks after implantation because of their involvement in normal bone metabolism to form trabecular structures [6, 7, 9] . These findings indicate that foreign body reactions are exchanged for bone metabolic reactions after involvement into bone. However, FBGCs may resorb bone substitutes in collaboration with osteoclasts during the process of involvement into bone. Furthermore, multiple kinds of MNGCs may play roles in this very complex in vivo condition. The granulomatous reaction is considered to protect tissue from foreign bodies by isolation; however, it sometimes interferes with the regeneration of wounds. In contrast to FBGCs, osteoclasts are physiologically essential for bone metabolism, and without the pathological stimulation of osteoclast activity, which is typically induced by inflammation, osteoclasts may contribute to the regeneration of bone defects implanted with bone substitutes. However, the clinical significance of osteoclasts and FBGCs in a region implanted with bone substitutes remains unclear.
The biological mechanisms by which FBGCs form have been studied in vitro, and FBGCs were previously reported to be generated from macrophages treated with interleukin-4 (IL-4) or IL-13 [4, 19, 21] . FBGCs generated in vitro were recently suggested to exhibit TRAP activity [12] . In addition, MNGCs in human granulomatous lesions including tuberculosis may be positive for TRAP and cathepsin K (CTSK) [27] . TRAP-positive FBGCs have been suggested to exhibit little or no bone-resorbing activity [12] . However, these cells may share biological similarities with osteoclasts, which are induced from macrophages stimulated with macrophage colony-stimulating factor (M-CSF) and receptor activator of nuclear factorkappa B ligand (RANKL) [16, 33] . These findings also indicate that there are multiple kinds of FBGCs because these cells are typically negative for TRAP.
We have been investigating biological responses to HA and β-tricalcium phosphate (β-TCP) with different microstructures. Our findings strongly suggest that microstructures influence biological responses when implanted into bone defects, and may, at least partly, be involved in affinity for serum proteins [10] . HA composed of rodshaped particles, which is synthesized by applied hydrothermal methods, was found to have weak biodegradability and a potent osteoclast-homing capacity [7, 9, 26] . Beta-TCP composed of rod-shaped particles exhibited stable biodegradability and induced cancellous bone with a physiological trabecular structure, even in ovariectomized rats [29] . In contrast, the implantation of β-TCP synthesized by normal sintering had higher biodegradability, and β-TCP granules were degraded by surrounding TRAP-positive MNGCs in a rabbit model [25] . In the present study, we implanted β-TCP granules synthesized by normal sintering into rat subcutaneous tissue with or without bone marrow mesenchymal cells (BMMCs), which include osteogenic progenitor cells [18, 24] . When implanted into extraskeletal tissue, β-TCP is expected to induce FBGCs rather than osteoclasts because β-TCP does not accompany osteoblasts, which induce osteoclasts by the expression of RANKL. However, the further implantation of BMMCs is expected to induce bone, and osteoclasts may appear in addition to FBGCs. FBGCs near bone interfaces are suggested to differ from those formed in soft tissue [1] , and this subcutaneous implantation model suits the characterization of MNGCs not only by differentiation markers, but also by the degradation of β-TCP. The results of the present study may provide an insight into biological differences between osteoclasts and FBGCs, and the clinical significance of these MNGCs in the healing of regions implanted with bone substitutes.
II. Materials and Methods

Preparation of β-TCP granules and discs
Beta-TCP granules were synthesized using the following method. An aqueous slurry was prepared by mixing 10 g of β-TCP (Ca 3 (PO 4 ) 2 , Taihei Chemical, Osaka, Japan) and 50 g of 10 mass% gelatin (Wako Pure Chemical, Osaka, Japan) aqueous solution. The slurry was added to 1.8 dm 3 of vegetable oil under stirring at approximately 200 rpm at 5°C for 1 hr. The resultant granules were collected, washed with ethanol, and dried in a refrigerator at 4°C. They were then heated at 1000°C for 2 hr to remove residual gelatin and sinter. Granules of approximately 500-600 μm in diameter were collected using sieves. In order to prepare β-TCP disc samples, 0.3 g of β-TCP was inserted into a mold that was 14 mm in diameter and pressed at 200 MPa. The samples were heated at 900°C for 3 hr.
Preparation of BMMCs
Three-to 4-week-old male F344 rats (CLEA Japan Inc., Shizuoka, Japan) were purchased for these experiments, euthanized by the inhalation of carbon dioxide, and the tibiae and femora were removed. Both ends of these bones were cut and bone marrow was flushed out using a 5-ml syringe equipped with an 18-gauge needle and filled with growth medium, composed of minimum essential medium alpha (Sigma-Aldrich, St. Louis, MO) supplemented with 10% fetal bovine serum (Sigma-Aldrich) and penicillin-streptomycin-glutamine (Life Technologies, Carlsbad, CA). Bone marrow was dissociated by pipetting and plated on six 82-mm culture dishes (Asahi Techno Glass, Shizuoka, Japan). One week after plating, BMMCs were dislodged using trypsin-EDTA (Life Technologies) and re-plated on 10 culture dishes. Two weeks later, BMMCs were dislodged as described and used for implantation.
Implantation
Forty milligrams of β-TCP granules were mixed in a 1.5-ml micro-centrifuge tube with 2×10 6 of BMMCs suspended in 600 μl of growth medium and placed in a 37°C incubator for 3 hr. Growth medium was removed and 100 μl of 4-week-old male F344 rat plasma prepared from frozen stock was added. β-TCP granules were directly soaked in plasma in a 1.5-ml micro-centrifuge tube for implantation without BMMCs. Plasma in each tube was gelled by the addition of 10 μl of 3.3% calcium chloride. In other experiments, β-TCP granules were soaked in 100 μl of Bolheal ® (Kaketsuken, Kumamoto, Japan), which was made from human fibrinogen and gelled with thrombin following the manufacturer's protocol. Ten-week-old F344 rats were anesthetized with ketamine and xylazine (intraperitoneal injections at doses of 40 mg/kg and 3 mg/kg body weight, respectively). These gels were implanted into the back subcutaneous tissue of the anesthetized F344 rats. The gels were implanted into two portions (left and right) on the back of each rat. Four implantations were performed for each group in these experiments. Twelve weeks after implantation, animals were euthanized as described. Implanted portions were resected and fixed with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.2) at 4°C for 24 hr. After fixation, a micro-CT analysis was performed for implants using an R_mCT (Rigaku, Tokyo, Japan). Each implant was then cut in half with a razor, with one being used for undecalcified sections and the other for decalcified sections. Animal rearing and experiments were performed at the Biomedical Research Center, Center for Frontier Life Sciences, Nagasaki University, following the Guidelines for Animal Experimentation of Nagasaki University (Approval no. 1112190960) under specific pathogenfree conditions.
Histological procedures
Regarding undecalcified sections, fixed specimens were dehydrated and embedded in 2-hydroxyethyl methacrylate/methyl methacrylate/2-hydroxyethyl acrylate mixed resin (Wako Pure Chemical). Three-micrometer-thick sections were made and stained with Giemsa's azur eosin methylene blue solution (Merck, Darmstadt, Germany) or histochemically analyzed to detect TRAP activity using naphthol AS-MX phosphate (Sigma-Aldrich) as a substrate, fast red RC salt (Sigma-Aldrich) as a coupler, and 0.05 M sodium tartrate (Wako Pure Chemical) in 0.05 M acetic acid buffer (pH 5). Regarding decalcified sections, fixed specimens were decalcified in 0.5 M ethylenediamine tetraacetic acid (EDTA) solution at 4°C with gentle agitation. The decalcified samples were post-fixed with the fixative, dehydrated, and embedded in paraffin. Three-micrometerthick sections were made and used for further immunohistochemical analyses. The decalcified sections were autoclaved at 121°C for 15 min in 10 mM citrate buffer (DAKO, Carpinteria, CA) and incubated with a CTSK rabbit anti-rat polyclonal antibody (LifeSpan BioSciences, Seattle, WA) at 4°C overnight. Immunohistochemical reactions were performed using the EnVision + system (DAKO) following the manufacturer's protocol. Sections were counterstained with hematoxylin. Cell numbers were quantitated in 3 optical fields at ×100 magnification. Data were statistically evaluated using the t-test and a P value <0.05 was considered significant.
PCR analysis
Five-week-old ddY mice (Japan SLC) were euthanized by cervical dislocation, tibiae and femora were removed, and bone marrow macrophages were prepared, as reported previously [8] , in the growth medium described above further supplemented with 30 ng/ml of M-CSF (Sigma-Aldrich). Synthesized β-TCP discs were inserted into 24-well wells and 5×10 4 macrophages were plated on ceramic discs and cultured. As a control, macrophages were plated on wells without β-TCP discs. After 6 days, medium was removed and cells were lysed with TRIzol ® reagents (Life Technologies) to extract total RNA. After a DNase treatment, cDNA was synthesized from total RNA with ReverTra Ace (Toyobo, Osaka, Japan). Real-time PCR was performed using Premix Ex Taq (Perfect Real Time) and Thermal Cycler Dice Real Time System Lite (Takara, Shiga, Japan) with the following primers: glyceraldehyde-3-phosphate dehydrogenase (GPDH): Mm99999915_g1 TRAP: Mm00475698_m1, CTSK: Mm00484039_m1, NFATc1: Mm00479445_m1, carbonic anhydrase 2 (Car2): Mm00501576_m1 (all from Applied BioSystems, Waltham, MA). The expression levels of each mRNA were normalized to the relative quantity of GPDH mRNA expressed in each sample. Data were statistically evaluated using the t-test with data from 3 identical experiments, and a P value <0.05 was considered significant.
III. Results
Nature of synthesized ceramics
X-ray diffractometry showed that no phase other than β-TCP was detected in the granules and discs (Fig. 1) . The representative surface structures of β-TCP granules and discs are shown in Figure 2 . Synthesized granules and discs were composed of similar globular-shaped particles, which fused with one another.
Effects of BMMC implantation on the formation of osteoclasts and FBGCs
Three-dimensional micro-CT images of samples of the implanted portions were shown in Figure 3 . Fused radiopaque images, which suggested osteogenesis, were observed in the samples implanted with β-TCP granules with BMMCs (Fig. 3a, in a dotted circle) . Although no fused radiopaque images were noted in the samples implanted with β-TCP without BMMCs, irregular radiopaque images suggestive of the degradation of β-TCP granules were observed (Fig. 3b, in dotted circles) .
Bone tissue was detected in some portions of the specimens implanted with β-TCP with BMMCs. The marked degradation of β-TCP granules was apparent in X-ray diffractometry of β-TCP granules and discs used in this study. the region with potent osteogenesis, and residual β-TCP granules were involved in bone (Fig. 4a and 4b) . Beta-TCP granules that were not completely involved in bone were also strongly degraded (Fig. 4c) . The degradation of implanted β-TCP varied in the region without bone tissue. β-TCP granules that appeared to be slightly degraded ( Fig.  4b and 4c, black arrows) , fragments of β-TCP granules caused by dissociation rather than degradation (Fig. 4d,  white arrows) , and β-TCP granules with large deficiencies, which strongly suggested degradation (Fig. 4d, an asterisk) , were detected in that region.
One of the important osteoclast markers, TRAP activity was analyzed by a histochemical procedure using serial sections stained with Giemsa solution. TRAP activity was detected in some MNGCs near the bone. Not only MNGCs on the surface of the bone or bone/β-TCP hybrid (Fig. 5a , 5b, 5c and 5d, arrows), but also MNGCs not directly in contact with the bone or bone/β-TCP hybrid were positive for TRAP in specimens showing osteogenesis ( Fig. 5a and 5b, black arrowheads). TRAP-negative MNGCs were also detected near TRAP-positive MNGCs (Fig. 5c and 5d , the white arrowhead). In the region without osteogenesis, almost all MNGCs were negative for TRAP ( Fig. 5e and 5f , white arrowheads). Osteogenesis was only observed in two out of 4 samples. The number of TRAP-positive MNGCs in these specimens was counted, and TRAP-positive MNGCs were predominantly detected in specimens with osteogenesis (Fig. 5g) . Only MNGCs associated with bone stained strongly for TRAP activity. In contrast, MNGCs in the region without bone showed a negative reaction. Based on Scanning electron micrographs of an overview (a) and the microstructure (b) of a β-TCP granule. A low-power magnification view (c) and the microstructure (d) of a β-TCP disc. these results, TRAP-positive MNGCs (Fig. 6a, b) were defined as osteoclasts and TRAP-negative MNGCs (Fig.  6c, d) as FBGCs.
Effects of plasma components on the expression of CTSK
We next analyzed the expression of another important osteoclast marker, CTSK using an immunohistochemical procedure. The expression of CTSK in osteoclasts near bone tissue was confirmed (Fig. 7a) . In addition to osteoclasts near bone tissue, most FBGCs in the region without osteogenesis were also positive for CTSK (Fig. 7b) . In order to analyze the relationship between the induction of CTSK and plasma, which was used as the binder of ceramic granules, specimens implanted with β-TCP granules that were bound with human fibrin (Bolheal ® ) were further analyzed. In these specimens, osteogenesis was not detected and FBGCs were present on the surface of β-TCP granules that were bound with both plasma and fibrin ( Fig.  7c and 7d , black and white arrowheads), and some FBGCs were suggested to resorb β-TCP granules and form resorption lacunas (Fig. 7c and 7d, white arrowheads) . Most FBGCs in specimens that were bound with fibrin had no or A three-dimensional image of the region implanted with β-TCP granules with BMMCs (a) and the region implanted with β-TCP (b), both of which were bound with plasma. The dotted circle in (a) represents fused radiopaque images suggesting osteogenesis, and the dotted circles in (b) represent the degradation of β-TCP granules. a very faint CTSK signal (Fig. 7f , white arrowheads) in contrast to FBGCs in specimens implanted with β-TCP granules that were bound with plasma (Fig. 6e, black  arrowheads) . The results of the quantitation of CTSKpositive and -negative FBGCs are shown in Figure 7g .
Effects of β-TCP on the expression of osteoclast markers
β-TCP may have influenced the expression of osteoclast markers in FBGCs in the implanted region. Therefore, bone marrow macrophages from the ddY mouse, which is widely used in in vitro osteoclastogenesis assays, were seeded on culture dishes with or without the insertion of β-TCP discs, cultured for 6 days, and the expression of osteoclast markers was then analyzed using real-time PCR. No significant differences were observed in the expression of TRAP, CTSK, or Car2. However, the expression of NFATc1 was significantly weaker in macrophages cultured on β-TCP discs than in those cultured on plastic culture dishes (Fig. 8) .
IV. Discussion
In the present study, we confirmed that the implantation of BMMCs with β-TCP granules induced osteogenesis and osteoclastogenesis. Furthermore, the marked degradation of β-TCP granules in the region strongly suggested that the implantation of BMMCs contributed not only to osteogenesis, but also to the replacement of β-TCP granules to bone. Hence, our results indicated that osteoclastogenesis rather than the formation of FBGCs is favorable for the regeneration of bone defects implanted with biodegradable bone substitutes if prolonged inflammation, which may destroy regenerated bone and implanted bone substitutes through excess of osteoclast activity, is prevented.
The biological mechanisms underlying osteoclastogenesis have been extensively examined and elucidated in detail since the discovery of the key molecule RANKL, which is expressed in osteoblasts. RANKL and M-CSF induce macrophages to differentiate into mononuclear osteoclast progenitor cells, mononuclear preosteoclasts, and multinuclear osteoclasts [2, 28, 31] . There are several kinds of macrophage-derived MNGCs in addition to osteoclasts. For example, FBGCs appear in foreign body granulomas, Langhans giant cells in tubercle granulomas, and Toutontype giant cells in cholesterol granulomas. In vitro experiments indicated that the treatment of macrophages with IL-4 or IL-13 and M-CSF or GM-CSF induced FBGCs, and IL-4 and IL-13 were identified as key molecules for the induction of FBGCs [1] . Differences in and similarities between non-osteoclastic MNGCs currently remain unclear [3] .
In the present study, we induced three kinds of MNGCs: TRAP-positive and CTSK-positive osteoclasts, TRAP-negative and CTSK-positive FBGCs, and TRAPand CTSK-negative FBGCs in the subcutaneous tissue of rats. TRAP-positive osteoclasts, which appeared beside bone, markedly degraded β-TCP granules in these regions, and our results confirmed previous findings showing that bone is essential for osteoclastogenesis [22, 23] .
A recent in vitro study suggested that MNGCs induced by the stimulation of IL-4 exhibited transient TRAP activity [12] . Furthermore, FBGCs in several granulomatous lesions were previously found to be positive for TRAP and CTSK using an immunohistochemical procedure [27] . However, the results of our in vivo study strongly suggest that TRAP is a reliable marker of osteoclasts, and this was consistent with previous findings showing that the major osteoclast markers were negative in FBGCs [20] .
We identified TRAP-negative and CTSK-positive FBGCs in addition to double negative FBGCs. FBGCs have not been characterized in detail, and the biological activity and significance of these FBGCs, which are more similar to osteoclasts than typical double negative FBGCs, have yet to be clarified. The most important difference between osteoclasts and FBGCs appears to be bone resorbing activity. A previous study reported that the in vitro treatment of macrophages with TNF-α and M-CSF induced osteoclasts [14] . However, these TNF-α-induced osteoclasts did not exhibit bone resorbing activity [13, 14] . TNF-α-induced osteoclasts were also shown to exhibit bone resorbing activity in concert with RANKL [5, 11, 17, 32, 34] . These findings strongly suggest that certain similarities Real-time PCR analysis for the relative mRNA expression of osteoclast markers in macrophages cultured for 6 days on β-TCP discs (TCP) or plastic dishes (Control). *P<0.05. exist among osteoclasts and FBGCs, and that functional distinctions between osteoclasts and FBGCs may not be as rigid as initially considered.
In contrast to HA, β-TCP has a biodegradable nature and the results of this study also revealed biodegradability, particularly in the region accompanied by bone formation. Furthermore, we detected the degradation of β-TCP granules in the region without osteogenesis. TRAP-positive MNGCs were scarcely found in the region without osteogenesis, and β-TCP was suggested to be degraded by TRAP-negative and CTSK-positive as well as TRAPnegative and CTSK-negative FBGCs. These results suggest functional similarities between FBGCs and osteoclasts. A recent study using an in vitro culture system showed that FBGCs dissolved HA, which was coated on plastic plates, but did not have the ability to resolve bone [30] . Our results suggest that FBGCs dissolve inorganic ceramics and confirmed the findings of the in vitro study.
Based on the results of the present study, we consider the induction of TRAP to be associated with osteogenesis and that of CTSK to be associated with plasma (Fig. 9) . β-TCP itself may also influence the characteristics of MNGCs. Bone marrow macrophages cultured on β-TCP discs significantly reduced the expression of NFATc1, the key transcriptional factor for the differentiation of osteoclasts, but did not affect the expression of TRAP, CTSK, or Car2. These results suggest that β-TCP has the potential to interfere with osteoclastogenesis and may contribute to the induction of FBGCs. These results also indicate that CTSK in TRAP-negative FBGCs are induced by a mechanism independent of osteoclast differentiation or direct stimulation by β-TCP. CTSK is one of the enzymes that digest bone matrix proteins such as collagen, while Car2 has been identified as one of the key enzymes that generate acid in osteoclasts and contribute to the dissolution of bone mineral components. Based on the results of the in vivo analysis, the capacity of FBGCs to dissolve β-TCP may be one of their general characteristics, and FBGCs may also have the capacity to resorb bone. More detailed studies are Factors associated with the formation of the three kinds of MNGCs detected around β-TCP granules implanted into rat subcutaneous tissue. Osteoclasts were induced in the region with osteogenesis after the implantation of BMMCs. In the presence of plasma, the expression of CTSK was stimulated and CTSK (+) MNGCs were frequently detected. Without plasma, CTSK (−) MNGCs, which had the typical characteristics of FBGCs, were detected.
Fig. 9.
Osteoclasts and Foreign Body Giant Cells needed in order to identify CTSK-inducing factors and functional differences between CTSK-positive and CTSKnegative FBGCs. However, the results of the present study suggest that sufficient bleeding effectively induces CTSKpositive FBGCs, which may be advantageous for the replacement of β-TCP by bone. In conclusion, the implantation of BMMCs with β-TCP granules was expected to stimulate osteogenesis and the replacement of β-TCP to bone and may contribute to the regeneration of bone defects. In addition, FBGCs dissolved β-TCP granules, and biological similarities between MNGCs and osteoclasts have been suggested. Two kinds of FBGCs: CTSK-positive and CTSK-negative FBGCs, were detected in the present study, and certain serum factors were considered to play roles in the induction of CTSK-positive FBGCs.
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